This paper describes the synthesis, structural characterization, and solution behavior of some xylyllinked imidazolium and benzimidazolium cyclophanes decorated with alkyl or alkoxy groups. The addition of alkyl/alkoxy chains to the cyclophanes allows for studies in chlorinated solvents, whereas previous solution studies of azolium cyclophanes have generally required highly polar solvents. The azolium cyclophanes may exist in a syn/syn conformation (azolium rings mutually syn, arene rings mutually syn) or a syn/anti conformation (azolium rings mutually syn, arene rings mutually anti). The preferred conformation is significantly affected by (i) binding of bromide (ionpairing) to the protons on the imidazolium or benzimidazolium rings, which occurs in solutions of bromide salts of the cyclophanes in chlorinated solvents, and (ii) the addition of alkoxy groups to the benzimidazolium cyclophanes. These structural modifications have also led to cyclophanes that adopt conformations not previously identified for similar azolium cyclophane analogues. Detailed 1 H NMR studies for one cyclophane identified binding of bromide at two independent sites within the cyclophane.
Introduction
Over the past decade azolium cyclophanes have been of significant interest. 1 Studies involving this class of cyclophanes have focused on challenges associated with synthesis, their intriguing conformational behavior, and, in particular, their potential applications in anion recognition and, in the case of imidazolium-and benzimidazolium-based cyclophanes, the use of them as precursors to N-heterocyclic carbene metal complexes.
Anion binding involving imidazolium cyclophanes is primarily based on hydrogen-bonding of the anion with the acidic H2 proton of the imidazolium cation. [2] [3] [4] [5] [6] Design of specific imidazolium cyclophane structures has led to cyclophanes that display improved binding to specific anions, e.g. In this paper we discuss the conformational behavior of cyclophanes bearing extended alkyl chains.
Our aim here is to understand (i) the conformational behavior of the new alkyl-substituted cyclophanes compared to the previously-studied systems; (ii) explore the effect of solvent on conformation; and (iii) explore the effect of counter-anions on the solution behavior of the cyclophanes. process (anti→anti exchange) was more facile than the benzene ring flip process (anti→syn exchange), and rate constants and activation energies for each process were estimated from the variable temperature NMR data (See the first entry in Table 1 ). 7 The benzimidazolium cyclophane 5.2Br displayed behavior similar to that of 3.2Br, including broad signals at room temperature, corresponding to the benzylic protons, that coalesced at higher temperatures. In general, the "non-alkylated" cyclophanes 3.2Br-5.2Br were very soluble in water, displayed low solubility in DMSO and methanol, and were insoluble in organic solvents of medium polarity such as acetone, chloroform and dichloromethane. The alkylated cyclophanes 8.2Br-12.2Br
are much more hydrophobic, and exhibit low solubility in water, good solubility in acetone and THF, and excellent solubility in DMSO and methanol. Remarkably, they also exhibit excellent solubility in chloroform and dichloromethane, displaying higher solubility in these solvents than in acetone and THF. In the cases of 8.2Br-10.2Br, the heptyl-substituted cyclophanes, the general trend in solubility is 8.2Br > 9.2Br > 10.2Br. Interestingly, 8.2BPh 4 The appearance of the room and low temperature 1 H NMR spectra for solutions of 8.2Br
(and 9.2Br) in chloroform and dichloromethane is in stark contrast to their appearance in DMSO and methanol solutions. Detailed NMR studies indicate that the appearance of NMR spectra for solutions containing the cyclophane 8 can be interpreted in terms of the interconversion of the conformers and the ion-pairing interactions described in Figure 4 . The experiments that lead to these conclusions are summarized below. was prevalent at low temperatures, but in the similar cyclophane 9, the symmetry is reduced.
A low temperature 1 H NMR study of 9.2Br in CD 2 Cl 2 ( Figure S10 ) demonstrated that at -40 °C two similar conformers were present in solution in a ratio of ca. 2.8:1. The 1 H NMR data (each conformer exhibited one H2 signal near δ 9.5, four doublets for benzylic protons, and one singlet and an AA'BB' pattern for the two different benzene rings) are consistent with both conformers being anti/syn forms (benzene groups mutually anti; imidazolium rings mutually syn, Figure 6 ). The identification of which of the two different anti/syn conformers (A or B in Figure 6 ) was in highest concentration at -40 °C could not be determined from the 1 H NMR spectra for 9.2Br in CD 2 Cl 2 .
The structural similarity between 8 and 9 and the similarities in their NMR spectra (cf.
Figures S9 and S10), suggests that, in CD 2 Cl 2 solution, 8 also exists in the anti/syn conformation. Table 1 . When the cyclophane 8 is ion-paired with two bromide anions, as for anti8···2Br (entry 3, Table 1 ), the rate constant for the imidazolium ring rotation process is much lower and the free energy of activation for this process is much higher-by ca. 10 kJ mol -1 -than in the absence of any cyclophane-bromide pairing (entries 1, 2 and 4 Table 1 ). It could be envisaged that, with bromide binding to the imidazolium protons, the bromide ions "hold" the imidazolium rings in the anti conformation, a higher energy being required to break the imidazolium···bromide interaction before imidazolium ring rotation can occur ( Figure 7) . Similarly, bromide binding slows 
Cyclophanes 11.2Br and 12.2Br
The butoxy-substituted benzimidazolium cyclophanes 11 and 12 display significantly different solution behavior compared to their imidazolium analogues 8 and 9 discussed previously. In addition, the structural variations between 11 and 12 result in these cations exhibiting significantly different solution behaviors to each other, and, in the case of 12, induce a conformation not previously identified for imidazolium/benzimidazolium cyclophanes linked by ortho-xylyl groups.
At room temperature solutions of 11.2Br in DMSO-d 6 and methanol ( Figures S28 and S29) exhibited numerous broad signals over the entire 1 H NMR spectrum. The signals were consistent with multiple conformers undergoing exchange processes. Only in the case of the DMSO solution could the temperature be raised sufficiently to achieve coalescence of signals. The high freezing point of DMSO meant that the slow exchange limit for spectra of 11 could not be reached, so that the nature and relative populations of each of the conformers could not be determined. 1 Figure S34 is representative of the spectra over the broad temperature range.) At 50 °C the benzylic doublets start to broaden, suggesting the occurrence of very slow exchange processes. The signal for the benzimidazolium H2 proton (δ 7.2), observable in CH 3 OH solutions, is sharp only at low temperature being broadened at high temperatures, presumably due to rapid H-H exchange with the methanol hydroxyl proton. The spectral features are suggestive again of only a single syn conformer in solution. The 1 H NMR spectra of 12.2Br in CDCl 3 ( Figure S35 ) are almost identical to those in methanol. The signal for the benzimidazolium H2 proton of 12 is still relatively upfield (δ 7.2), consistent with the H2 protons being magnetically shielded by two benzene rings (i.e., a syn conformation for 12) and not being involved in ion pairing interactions with bromide counterions.
Presumably the butyl substituents in 12 favor the syn conformation of the cyclophane, by sterically hindering the approach of the benzene groups to the benzimidazolium groups. In the syn conformation, the benzene groups prevent approach of bromide ions to the H2 protons, thereby eliminating ion pairing effects at the H2 site. Saturation transfer experiments conducted for a solution of 12.2Br in CDCl 3 suggest the existence of an exchange process that interconverts two equivalent syn conformations (Figure 12 ), but which was only detectable at temperatures above room temperature.
The benzimidazolium cyclophanes 11 and 12 are the only ortho-xylyl linked imidazolium/benzimidazolium cyclophanes that have exhibited syn conformers where the azolium C2-H2 bond point into the cavity between aromatic rings. These two cyclophanes also adopt the syn conformation in preference to an anti conformation, whereas for other ortho-xylyl linked imidazolium cyclophanes, the anti conformation is dominant. The benzimidazolium cyclophanes 11 and 12 also display some of the slowest dynamic behavior identified for ortho-xylyl linked imidazolium/benzimidazolium cyclophanes.
Solid-state structural studies
Attempts to grow crystals of 8.2Br or 8.2PF 6 suitable for crystallographic studies proved unsuccessful. It was, however, possible to grow crystals of the tetraphenylborate salt 8.2BPh 4 , although the limited solubility of the salt prevented low temperaturethe salt. It is interesting to note that, despite the dominant solution conformer of 8 (regardless of counter anion or solvent) being anti/syn (arenes mutually anti and imidazolium rings mutually syn), in the solid state crystallographic study of 8.2BPh 4 , the cyclophane adopts an anti/anti conformation ( Figure S51 ). One half of the formula unit comprises the asymmetric unit in a triclinic
and an inversion centre lies between the pair of imidazolium rings. Alcalde et al. have reported the solid-state structure of an imidazolium-linked meta-xylyl cyclophane (13), which, when crystallized as the chloride salt, adopted a anti/anti conformation with one imidazolium H2···chloride hydrogen bond (as displayed in Figure 13 ). Figure   S52 ).
Conclusions
The structure of azolium-linked cyclophanes, the types of counter-anions, and the particular In the case of the butoxy-benzimidazolium systems, the position of the butoxy fictionalization has a significant influence on the conformations adopted by the cyclophanes.
Particularly in the case of 12, the preferred conformer is a syn conformer where the benzimidazolium-H2 protons are directed into the cavity formed by the two ortho-xylyl groups. This is the first time such a conformation has been identified for azolium-linked ortho-cyclophanes, and suggests interesting possibilities with respect to the formation of N-heterocyclic carbene metal complexes derived from such carbene precursors. We are currently exploring the metal complexation of N-heterocyclic carbenes derived from these benzimidazolium-cyclophanes and related species.
Experimental Section

General procedures and materials
General experimental procedures have been described previously. Where detailed assignment of 13 C NMR spectra is provided below, these assignments have been made with the aid of HSQC (1-bond 1 H-13 C correlation) and HMBC (2/3-bond 1 H-13 C correlation)
2D NMR experiments. 1,1',3,3'-Bis(4,5-diheptyl-o-xylyl) 10 Single crystals of 8.2BPh 4 suitable for X-ray diffraction studies were grown by slow evaporation of an acetone solution of the cyclophane.
5,6-Dibutoxybenzimidazole (14).
Hydrazine hydrate (41 mL, 0.84 mol) was added slowly to a stirred mixture of 1,2-dibutoxy-4,5-dinitrobenzene (26.5 g, 85 mmol) and palladium on carbon (0.59 g, 10% Pd/C) in ethanol (250 mL). After the addition was complete the mixture was heated at reflux for 14 h. The mixture was cooled and filtered through celite, under a nitrogen atmosphere. The filtrate was concentrated in vacuo to afford a yellow solid (ca. 21 g of crude 1,2-dibutoxy-4,5-diaminobenzene). The solid was dissolved in formic acid (100 mL, 90 %) and the resulting solution was heated at reflux fir 3 h. The mixture was diluted with aqueous ammonia solution (50 mL, 28%) and then aqueous sodium carbonate solution (140 g in 1000 mL). The resulting precipitate was collected, washed with water (2 x 100 mL) and air-dried to afford a pale brown solid. The solid was dissolved in toluene (250 mL) and the mixture was dried by azeotropic distillation of water. The resulting toluene solution was concentrated to ca. 150 mL and diluted with hexanes (50 mL). The resulting precipitate was collected, washed with hexanes (100 mL) and dried to afford a pale brown powder (18 g, 80%). Variata. All hydrogen atoms were refined in (x,y,z,U iso ) H (refinement on |F|). Variata. Hydrolytic hydrogen atoms were refined in (x,y,z,U iso ). 
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